Abstract-As HIV-associated dementia prevalence has risen with the lifespan of HIV-infected individuals, there is an important need for antiretroviral and anti-inflammatory drugs targeting the central nervous system. Platelet-activating factor, a mediator of inflammation, is an HIV-induced neurotoxin secreted in the infected brain. In this work, we developed piperazine derivatives bearing a heterocyclic moiety as PAF-antagonists and HIV-1 replication inhibitors with micromolar potency.
Introduction
The infection of central nervous system (CNS) by human immunodeficiency virus-1 (HIV-1) occurs early after the systemic infection. 1, 2 Mild to severe neurological complications as a consequence of this infection are known as HIV-associated dementia (HAD) or acquired immunodeficiency syndrome (AIDS) dementia complex (ADC) and were observed in about 30% of adults and half of children with AIDS before the use of highly active antiretroviral therapy (HAART) in the developed world. 3, 4 HAART has played an important role in declining the incidence of neurological complications in AIDS patients (approximately 10% now) 5, 6 but these neurological impairments still occur not only in untreated but in treated individuals as well and HAD prevalence has risen with HIV-infected individual's lifespan as they live longer. [7] [8] [9] Moreover, with the use of HAART, minor cognitive motor disorder (MCMD), a less severe form of CNS dysfunction which does not always progress to HAD, becomes more frequent 10, 11 and probably results from a weak penetration of the antiretroviral drugs into the CNS 12 allowing a low-level viral replication and a progressive neurodegeneration. The pathogenesis of HAD may result from the secretion of neurotoxins by mononuclear phagocytes (MPs) (perivascular and brain macrophages and microglia) after HIV-1 infection, stimulation by viral proteins and immune activation. 11, 13 Platelet-activating factor (PAF), a phospholipid inflammatory mediator, is produced in response to the viral infection and activation of MPs and has been identified as an HIV-1-induced neurotoxin. 14, 15 Indeed, HIV-1 production is up-regulated by TNF-a in infected macrophages, and PAF, in turn, appears to increase TNF-a synthesis in HIV-infected cells of monocytic lineage. 16, 17 High levels of PAF are detected in cerebrospinal fluids (CSF) of patients with neurologic dysfunctions and correlated with the degree of neurological impairments. Moreover, when added at concentrations close to those found in CSF of HIV-infected patients, PAF produces a dose-dependent neurotoxicity, inhibited by NMDA antagonists MK-801 and memantine. 14 The neurotoxicity induced by HIV-1-infected macrophages can be prevented by PAF-acetylhydrolase (PAF-AH), the main enzyme responsible for PAF catabolism, or WEB 2086, a PAF receptor antagonist. 15 Taking together, these results suggest that PAF plays an important role in the HIV-1-induced neurologic dysfunctions. These findings prompted us to evaluate, in a previous work, the antiviral activity of several PAF-antagonists and led us to the discovery of a lead compound, PMS 601 ( Fig. 1) , a trisubstituted piperazine with both a PAF-antagonism (IC 50 = 8 lM) and anti-HIV-1 effects (IC 50 = 11 lM). 18 All the modifications undertaken in order to improve its dual activity have been realized by either replacing the carbamate group of PMS 601 by other functions 19 or introducing an aromatic group on one or both nitrogens of the piperazine ring. 20 Those studies showed that more potent compounds than PMS 601 can be obtained and denote the absence of correlation between both anti-PAF and anti-HIV activities. Moreover, PMS 601 and Delavirdine (Rescriptor Ò , Fig. 1 ), a nonnucleoside reverse transcriptase inhibitor, are both piperazine derivatives carrying aryl groups as nitrogen substituents. This observation prompted us to replace one of both trimethoxyphenyl groups of PMS 601 by an indole moiety found in Delavirdine and to evaluate the influence of this modification on both biological activities. We described here the structure-activity relationship triggered around this heterocyclic moiety by (i) varying the nature of the linker between this ring and the piperazine and its position on the indole group; (ii) introducing an electron-donating or -withdrawing group on C 5 -indole; (iii) incorporating other heterocyclic units; (iv) methylating the indole nitrogen. Moreover, the second trimethoxybenzoyl substituent of PMS 601 was replaced by a benzyl or a 3,4,5-trimethoxybenzyl group since a previous study showed that compounds with a benzylic moiety exhibit higher antiviral activities than our reference compound. 20 All compounds were tested in vitro to evaluate their anti-PAF and anti-HIV-1 activities. The 3D electrostatic potential maps of certain compounds were also calculated to understand their anti-PAF activity.
Results and discussion

Chemistry
In Scheme 1, the monoacylated piperazines 1 and 2 were prepared according to the previously published procedures. 20 Coupling 1 and 2 with commercial heterocyclic acid (HetCOOH), in the presence of DCC or DIC, led to the heteroarylamide piperazine derivatives 3a-j and 4a-f. The N-methylation of 3a and 4a using iodomethane and K 2 CO 3 in acetonitrile gave 3k and 4k, respectively. The compounds 6a,b were obtained, as outlined in Scheme 2, from the acyl chloride of 5-nitro-1H-indole-2-carboxylic acid 5, 21 prepared in situ using thionyl chloride, and the piperazine derivatives 1 and 2, respectively. The compound 8 was synthesized, as shown in Scheme 3, by reaction of the amine 1 with 7.
22 Treatment of 9 23 with DIC led to indole-1-carboxylic anhydride which was coupled directly to the amine 1 to provide 10 (Scheme 4). The synthetic route to obtain the derivatives 16a,b, 17a,b and 18 is detailed in Scheme 5. The condensation of 11 20 with 1H-indole-2-carboxylic acid led to 12 which was deprotected into 13 using trifluoroacetic acid (TFA) in MeOH. The monosubstitution of 14 24 using 1H-indole-2-carboxylic acid and DCC led to 15. The compounds 16a,b, 17a,b and 18 were obtained using a reductive amination process from the piperazines 13, 15 and 2, respectively, and the corresponding aldehyde in dichloromethane or dichloroethane (DCE).
Anti-PAF and anti-HIV effects
All final compounds were tested for their ability to antagonize PAF-induced platelet aggregation on the one hand and to inhibit the viral replication in MDM in vitro infected with the reference macrophage-tropic HIV-1/Ba-L strain on the other hand. [18] [19] [20] All the results obtained are listed in Tables 1-3 . Our initial synthetic efforts focused on determining the influence of the heterocyclic substitution position on the dual activity.
2.2.1. Anti-HIV activity (Tables 1-3 ). The anti-HIV target of this piperazinic series of compounds remains undefined. 18 In this new set of experiments, PMS 601 and all the new compounds were tested according to the previously published procedures. 18 The replacement of a 3,4,5-trimethoxylphenyl moiety of PMS 601 by an indole as in 3a (Table 1) leads to an activity close to the reference compound one. As a general trend for the results listed in Table 1 , no real improvement of the antiviral activity is obtained when either the position of the carbonyl function on the indole group (3a,b, and 10) or the nature of the linker between this heterocycle and the piperazine ring (3i,j, 8) is modified. The nature of the introduced heterocycle (3c,d,g,h) or the electron donating or -withdrawing effects of the group on the C 5 -indole (3e,f, 6a) do not increase this activity as well. Nevertheless, a loss of activity is observed when the indole is replaced by another heterocyclic ring as benzofurane (3g), benzothiophene (3c), pyrrole (3d) and quinoleine (3h) or when it is N-methylated (3k) suggesting that this heterocycle found in Delavirdine induces this activity. The comparison of Tables 1 and 2 be the position (1 or 4) of the heterocyclic moiety on the piperazine ring, the same range of activity is obtained (3a-f, 6a and 3k vs 4a-f, 6b and 4k, respectively). A previous work underlined the positive effects of the introduction of a benzyl or a 3,4,5-trimethoxybenzyl group instead of a 3,4,5-trimethoxybenzoyl moiety on the antiviral activity (Table 3 , compounds A and B). 20 To see whether this observation was available in the heterocyclic series, we synthesized the compounds listed in Table 3 . All bear an indole and a benzyl or a 3,4, (Tables 1-3 ) and molecular modelling (Fig. 2) . In this study, the geometry of the studied compounds has been fully optimized using the double basis set 6-31 g. 25 In 1991, Batt et al. proposed a model for the PAF-receptor (PAF-R) structure from 3D electrostatic maps of several structurally unrelated synthetic and natural PAF-antagonists. 26 It would be a multipolarized cylinder with a diameter of 14 Å with three couples of positive areas detected at 14, 10-12 and 6.5-7 Å and would contain two hydrophobic subsites. In 1993, the calculations of 3D electrostatic maps of 3,4,5-di(trimethoxybenzoyl)piperazine derivatives revealed that negative electrostatic potentials able to interact with the positive zones of the PAF-R are generated by, on the one hand, the methoxyl groups and form the large 'cache-oreilles' system (11-14 Å ) and by the carbonyl groups of the amide functions on the other hand and form the short 'cache-oreilles' system (6-7 Å ). 24 Those potentials are determinant to the anti-PAF activity. In this paper, we determined the 3D electrostatic potential maps (isocontoured at À20 kcal/mol) of PMS 601 and some heterocyclic derivatives in order to explain the anti-PAF activity obtained for those compounds. The PMS 601 3D electrostatic map ( Fig. 2 ) presents two major 'cache-oreilles' systems generated by both the methoxyl groups, located at a distance of 11.34 Å , and the carbonyl groups of amides at a distance of 6.3 Å . This result is in harmony with what was previously established. The results presented in Table 1 show that the replacement of a 3,4,5-trimethoxyphenyl moiety of PMS 601 by an indole leads to the same anti-PAF activity. We can notice that whatever the nature of the substituent on the C 5 -indole (3e-f, 6a), the linker between this heterocycle and the piperazine ring (3i-j, 8), the connection position of the carbonyl to the indole ring and the heterocyclic cycle introduced to replace the indole moiety (3c-d, g-h), anti-PAF activity remains close to the micromolar range (except for 3b and 3k).
The study of 3a electrostatic map shows that only the short 'cache-oreilles' system, generated by both carbonyl functions carried by the piperazine, is present in this molecule and seems to be responsible for the activity. This short system is also found in the compounds 10 (map not provided) and 3b although the latter is less active than 3a. Its 3D map reveals that the indole adopts a different spatial orientation from that observed in 3a, suggesting an influence of the position of the carbonyl function on the molecule conformation which can be considered as a less active conformation in this case. Interestingly, the insertion of one methylene between the carbonyl and the indole in 3i confers a micromolar activity to the compound likely due to the freedom recovery of the indole ring orientation allowed by this methylene. Nevertheless, increasing this flexibility with one more methylene as in 3j (map not provided) does not improve the anti-PAF potency. The introduction of a second carbonyl in 8 pronounces the electronegative well around both carbonyls and then ameliorates the anti-PAF activity compared to 3b. The introduction of an electron-donating (chloro in 3e, map not provided, or methoxy in 3f) or -withdrawing (nitro in 6a, map not provided) substituent at the C 5 -position of the indole enables the formation of a supplementary negative electrostatic potential around this group, as shown in 3f map. Coupled to the well formed by the 3,4,5-trimethoxyphenyl, it could be considered as the large 'cache-oreilles' system and would increase the activity of these compounds. Surprisingly, the compounds 3e,f and 6a are not more potent than 3a suggesting that either the potential created is insufficient or is not located at the proper position, that is, at 10-14 Å from the negative potential of the trimethoxyl groups. The replacement of the indole moiety by another heterocyclic ring (benzofuran in 3g, benzothiophene in 3c, pyrrole in 3d, and quinoline in 3h) has no or little influence on the negative electrostatic potential generated by the carbonyl function as illustrated in the map of the compound 3c and thus does not greatly improve the anti-PAF activity of 3a. The weak activity of 3k (IC 50 of 25.5 lM) is due neither to an influence of the methyl on the conformation of the molecule nor to a modification of the carbonyl electrostatic potential through a H-bond as shown in Fig. 2 . In Table 2 are summarized the activities obtained with the position isomers of several compounds in Table 1 and no significant influence of isomerization on the PAF-antagonism is observed (except for 4b, 4f and 4k). The compound 18, where the carbonyl of 4b was replaced by a methylene, is inactive as expected. Indeed, this modification deletes the potential induced by the carbonyl function and underlines the necessity of its presence for anti-PAF activity (map not provided). In Table 3 , the replacement of the second tri- methoxybenzoyl moiety of 3a by a benzyl group as in 17a leads to a loss of activity because of the absence of a carbonyl function and its associated electrostatic potential. Surprisingly, its position analogue 16a is much more active. This difference of behaviour has already been observed in a previous work with the compounds C and D where a benzyl group is present as well and should be clarified. The introduction of a 3,4,5-trimethoxybenzyl moiety in 16b and 17b confers an anti-PAF potency to the molecules. In these compounds, both potentials are generated on the one hand by the trimethoxyl groups and by the carbonyl on the indole on the other hand and are located at 10 and 8 Å from each other in 16b and 17b, respectively. We can thus assume that a hybrid 'cache-oreilles' system can be identified here as responsible for the anti-PAF activity. Nevertheless, the distance of 8 Å observed in 17b is insufficient to enable a proper interaction of the molecule with the PAF-R but the activity of this molecule (IC 50 of 11 lM) suggests that a distance of 10-12 Å must be reached in other conformation than the one used to realize its 3D electrostatic map.
In conclusion, the 3,4,5-trimethoxyphenyl moiety found in PMS 601, our reference compound, can be replaced by an indole without modifying either its anti-PAF or antiviral activity. The structure-activity relationships studied around this heterocycle led to compounds presenting a dual activity at the micromolar potency. The variations of the anti-PAF activity are in concordance with the PAF-receptor model previously proposed by our laboratory. The antiviral mechanism of this series of compounds is still unknown and the identification of their biological target is now a priority to greatly improve the antiviral activity of this piperazine series.
Experimental
Materials and methods
All materials were obtained from commercial suppliers and used without further purification. Thin-layer chromatography was performed on TLC plastic sheets of silica gel 60F254 (layer thickness 0.2 mm) from Merck. Column chromatography purification was carried out with silica gel 60 (70-230 mesh ASTM, Merck). All melting points were determined on a digital melting point apparatus (Electrothermal) and are uncorrected. The structures of all compounds were confirmed by IR and NMR spectra. IR spectra were obtained with a ATI Mattson Genesis Series FTIR spectrometer, and 1 H NMR and 13 C NMR spectra were recorded in CDCl 3 or in DMSO-d 6 on a BRUC-KER AC 200 spectrometer using hexamethyldisiloxane (HMDS) as an internal standard. Chemical shifts are given in ppm and peak multiplicities are designated as follows: s, singlet; d, doublet; dd, doublet doublet; t, triplet; br s, broad singlet; m, multiplet; q, quadruplet; sex, sextuplet and sep, septuplet. Elemental analyses were obtained from the 'Service Régional de Microanalyse' (Université Pierre et Marie Curie, Paris, France) and were within 0.4% of theoretical values.
3.1.1. General procedure for the synthesis of 3a-j and 4a-f. To a solution of the amine 1 or 2 in CH 2 Cl 2 were added the carboxylic acid (1 or 1.2 equiv), the N,N 0 -dicyclohexylcarbodiimide, DCC (1 or 1.2 equiv) or N,N 0 -diisopropylcarbodiimide, DIC (1 or 1.2 equiv) and, with or without 1-hydroxybenzotriazole, HOBT (1 or 1.2 equiv). The mixture was refluxed until the reaction was complete (TLC monitored). After cooling at room temperature and filtration, the mixture was washed with HCl 1 N and water, then with saturated NaHCO 3 and twice with water. The organic layer was dried (MgSO 4 ) and concentrated in vacuo. The residue was chromatographed on a silica gel column as indicated. 
1-(5-Chloro-1H-indole-2-ylcarbonyl)-2-(N,N-diethylaminocarbonyloxymethyl)-4-(3,4,5-trimethoxybenzoyl)piperazine (3e).
Compound 3e was prepared using 5-chloro-1H-indole-2-carboxylic acid (555 mg), DCC (602 mg), 1 (1 g, 2.44 mmol) and obtained as a white solid (1 g, 66%) after a silica gel column chromatography using MeOH/CH 2 
1-(Benzofurane-2-ylcarbonyl)-2-(N,N-diethylaminocarbonyloxymethyl)-4-(3,4,5-trimethoxybenzoyl)piperazine (3g).
Compound 3g was prepared using benzofuran-2-carboxylic acid (197 mg), DCC (251 mg), HOBT (197 mg), 1 (500 mg, 1.22 mmol) and obtained as a white solid (450 mg, 67%) after a silica gel column chromatography using MeOH/CH 2 21 (181 mg, 0.88 mmol) in thionyl chloride (147 lL, 2 mmol) was stirred in dichloromethane (20 mL) under reflux for one night. The solvent was then evaporated under reduced pressure and a solution of the amine 1 (300 mg, 0.73 mmol) and triethylamine (205 lL, 1.42 mmol) in dichloromethane (40 mL) was added. The mixture was stirred at room temperature for 12 h. The reaction mixture was then washed with saturated NaHCO 3 and water, dried (MgSO 4 ), filtered and the solvent removed in vacuo. The compound 6a was obtained after a silica gel column chromatography using MeOH/ CH 2 (1.25 g, 7.75 mmol) dissolved in dichloromethane (20 mL) was added DIC (720 lL, 4.65 mmol). The reaction mixture was stirred for 20 min at room temperature. A solution of 1 (1.58 g, 3.87 mmol) dissolved in dichloromethane (15 mL) was then added to the mixture and stirred at room temperature for 12 h. The solution was then washed with water, dried (MgSO 4 ), filtered and the solvent removed in vacuo. The product was isolated as a white solid (2.11 g, 99%) after a silica gel column chromatography using MeOH/CH 2 (12) . Compound 12 was prepared using the same procedure as for 3 from 11 20 (2.05 g, 3.14 mmol), 1H-indole-2-carboxylic acid (854.5 mg), DIC (826 lL) and isolated as a white solid (2.12 g, 85%) after a silica gel column chromatography using MeOH/CH 2 3.1.25. 2-(N,N-Diethylaminocarbonyloxymethyl)-1-(1H-indole-2-ylcarbonyl)piperazine (13) . To a solution of 12 (1.64 g, 2.7 mmol) in MeOH (30 mL) was added dropwise trifluoroacetic acid (TFA, 3 mL). This solution was stirred for 20 min at room temperature and the solvent removed in vacuo. The residue was then taken up with CH 2 Cl 2 , washed with saturated NaHCO 3 solution and water, dried (MgSO 4 ), filtered and evaporated.
The compound 13 was obtained as a wax (900 mg, 93%) after a silica gel column chromatography using CH 2 
